Re: Comments relating to Lyles, R.H., Kupper, L.L., and Rappaport, S.M. (1997a) : A Lognormal Distribution-based Exposure Assessment Method for Unbalanced Data. Annals of Occupational Hygiene 41, 63-76.
Dear Sir Lyles et al. (1997a) recently presented a method for the collection, analysis, and interpretation of occupational exposure data. This method was specifically designed for assessing compliance relative to a longterm exposure limit. In this and related articles (Rappaport et al., 1995; Lyles et al., 1997b) they interpret legal and authoritative occupational exposure limits (OELs) for chronic disease agents as long-term limits; that is, as upper limits for the long-term, lifetime average exposure of each employee. Furthermore, they recommend that their method be used to determine 'whether or not the overall exposure distribution for an entire group of workers is in compliance with specified regulatory guidelines [emphasis added]'.
While it is important to expand the toolbox of statistical methods available to industrial hygienists, a candidate method must meet several criteria in order to make it into my toolbox. The method must be consistent with the OEL, it must be accessible, and it must be efficient and effective. That is to say, it cannot be based upon a faulty interpretation of the OEL, the calculations and interpretation of results do not require excessive angst and aggravation, it must yield decisions with a minimum expenditure of resources, and there is a reasonable expectation that the decisions are correct.
Given these criteria, I have several reservations regarding the Lyles et al. statistical method and interpretation of exposure limits. I also include several comments regarding the specifics of their ANOVAbased method and suggestions for simplifying two steps in the method.
The correct interpretation of U.S. TWA OELs
Employers considering the Lyles et al. method for assessing compliance with regulatory guidelines-e.g., the U.S. Occupational Safety and Health Admin-Received 30 January 1998. istration (OSHA) Permissible Exposure Limits (PELs)-should be aware that there are no PELs with averaging times longer than a single shift. It is improper to average two or more single shift timeweighted average (TWA) measurements and compare the average to the TWA PEL. As discussed in Hewett (1996 Hewett ( , 1997 this policy is consistent with the practice of other exposure limit setting organizations in the U.S., such as the American Conference of Governmental Industrial Hygienists. Employers may disagree with a particular PEL-its value or averaging timebut they cannot change either and claim to be applying the OSHA PEL.
U.S. legal exposure limits are defined in absolute terms; that is, as values not to be exceeded during each shift. Standard practice among professional industrial hygienists is to assign a statistical interpretation to the PEL that is consistent with the goal inherent in the PEL, but permits the design and implementation of a practical, reasonable exposure monitoring program. Typically, the PEL is interpreted as an upper percentile of a controlled (i.e., acceptable) individual exposure profile (Leidel et al., 1977; Still and Wells, 1989; Hawkins et al., 1991; CEN, 1995) . If the PEL is infrequently or rarely 1 exceeded, then the long-term mean exposure will be indirectly controlled to a fraction of the PEL, typically half or less (Hewett, 1996) .
Adoption of the long-term average interpretation of Lyles et al. would permit employers to expose workers routinely to long-term average exposures approaching and equaling the single-shift exposure limit, thus increasing, rather than decreasing, their risk of occupational disease. Another defect in the Lyles et al., interpretation is that, by concentrating solely on longterm average exposures, they ignore the potential effects of extreme changes in dose-rate. Indeed, employers could easily reason from this series of articles that excessive exposures for days, weeks, months, if not years, are entirely permissible, providing the worker's long-term (lifetime) mean does not exceed the PEL (or other exposure limit).
Efficient and effective alternatives
In the first of this series of articles, also published in this journal, Rappaport et al. (1995) argued that 'As a rule of thumb, an 'infrequent' or 'rare' event is one that occurs less than 5% or 1 % of the time, respectively. 'compliance testing' discouraged monitoring by the employer. While not mentioned by Lyles et al., there are numerous exposure collection, analysis, and interpretation methods that avoid the limitations of the much maligned compliance testing method 2 . Is it possible that these are more efficient and effective than the Lyles et al. method? Let us consider one alternative analysis of the data in Tables D1, D2 , and D3 of Lyles et al. In this analysis (summarized in the attached table) I assumed the following: (a) there were valid reasons for tentatively grouping workers by occupation, (b) the data are relevant to the current exposure profiles, (c) the 'measurement' variable in each table can, for purposes of illustration, be interpreted as referring to a different survey, and (d) workers and sample days were selected by a reasonably random process.
My analysis of smaller datasets led to conclusions nearly identical to those of Lyles et al. In several instances I further suggested that the exposure group definition be reconsidered, something they did not suggest. My method of analysis was consistent with the recommendations of the AIHA (Hawkins et al., 1991; Damiano et al., in press) , the Comite Europeen de Normalisation (CEN, 1995) , as well as others (Still and Wells, 1989; Damiano, 1995; Mulhausen and Damiano, 1997) .
The three datasets in Lyles et al. contained 27 to 34 measurements. Are such dismally large datasets-per exposure group per year-always necessary in order to render confident decisions? Unfortunately, the sample size calculations and computer simulations in Rappaport et al. (1995) and Lyles et al. (1997b) suggest that this is indeed the case. Considering the results of my analysis, I suggest that conventional methods may be more efficient and just as effective as the method advanced by Lyles et al. Because conventional methods can cover more exposure groups more often for any given level of resources, it is also likely that such methods will be more effective, in an overall sense, than the Lyles et al. method. Conventional methods also accommodate the occasional random overexposure in an otherwise controlled work environment, and recognize that exposure groups are never perfectly homogeneous with regard to individual exposure profiles.
Questions and observations regarding the Lyles et al. method
Lyles et al. characterize their method as a 'simple means of assessing regulatory compliance over a par-2 1 would argue that, given equal resources, a strict 'compliance testing' method is far superior to the Lyles el al. method. Measurements can be spread out over each observation interval (e.g. each year) to monitor trends and provide timely feedback. Each 'overexposure' triggers an investigation (see Hewett, 1996 for a discussion of the interpretation of single overexposures) which may lead to the timely collection of additional data and control of exposures. As data accumulate, they can be subjected to a host of different analyzes, to include parameter estimation, control charting, exceedance fraction testing, and goodness-of-fit testing. ticular sampling period'. That it is indeed 'simple' is obviously best judged by those that implement the method. Their method requires several assumptions, for example: (1) each worker's GSD is exactly the same, (2) the number of workers is large enough for the distribution of means to closely approximate a continuous distribution, (3) the distribution of means is also lognormal, and (4) both workers and days to be monitored are randomly selected. Assumption #1 is never true; #2 is doubtful for most exposure groups; #3 will not be true if #2 cannot be met; and #4 is often impractical. Lyles et al. do not discuss possible decision biases that will result when all or most of these assumptions are inevitably and simultaneously violated? Do these biases mitigate for or against their method?
In earlier computer simulations Lyles et al. (1997b) noted the problems that they experienced in controlling the Type I error to the nominal level of 0.05 and the poor power of their method despite total sample sizes that would astound most employers and industrial hygienists. That any employer can be induced to adopt their method remains to be seen, even given the obvious attractions of the Lyles et al. interpretation of U.S. exposure limits.
Lyles et al. chose from their extensive database three sample datasets representing extreme cases. It is unclear what an employer should do when the point estimates of individual mean exposures are less than the long-term limit, but the alternative hypothesis \\ a :0 < 0.10 cannot be accepted with a confidence of at least 95%. Does the employer, as Lyles et al. seem to suggest, automatically institute additional or enhanced controls or modify work practices, whether they are truly needed or not? How low does the group mean have to be, and in what range must the withinworker and between-worker GSD fall, before the employer may expect to routinely and reliably pass their test?
The Lyles et al. method is based upon a statistical conceptual model. And as we have all been taught, all models are wrong, but some are useful. Failure to reject a model does not mean that the model truly fits the data. It merely suggests that the model may prove useful in describing the dataset or in predicting future exposures given certain conditions. The Lyles et al. model may prove useful in many instances, but it does not truly fit any exposure dataset. So, to what extent does it accurately predict 'worker-specific mean exposure'?
Lyles et al. used their model to estimate the mean exposures for all workers represented by Table Dl . However, for workers 3, 5, 6, 9, 10, 11, and 12 (see their Figure 1 ) the mean exposures estimated by their model were considerably greater than the actual mean exposures. In contrast, workers 2 and 4 had mean exposures considerably greater than the model estimates. In fact, the model predictions were close for only three out of twelve workers. These observations lead me to suggest that, due to poor fit of the model. 
Furnaceman (Table Dl) Maintenance mechanicsmelting (Table D2) Maintenance mechanicsmilling (Table D3) The Goodness-of-fit evaluation consisted of a subjective evaluation of the log-probit plot, looking for odd patterns or inconsistent datapoints, and an objective test of H 0 :lognormal. *The decision was made with high confidence. The 95%LCL for the 95 lh percentile was greater than the PEL. Immediate remedial action is warranted, with a follow-up evaluation. 'There were no obvious problems with the log-probit plot and the data passed an objective goodness-of-fit test. rf The 95%UCL for the 95 th percentile (upper tolerance limit) was less than the PEL. The decision was made with high confidence under the lognormal assumption. However, the dataset failed both goodness-of-fit tests. There were patterns in the log-probit plot that suggest that two or more exposure profiles may be present. The tentative group definition should be evaluated. 'The 95 lh percentile was less than TWA PEL, but not the 95%UCL. The decision was made with less than high confidence.
Schedule a re-assessment to confirm the tentative 'acceptable' rating. r The decision was made with high confidence. Routine surveillance is warranted. each worker's true mean exposure is best estimated using data collected from that worker. As we have just seen, the Lyles et al. model may tend to obscure real differences between the mean exposures of workers within an exposure group. The factors influencing these real differences could very well be key to an effective intervention strategy. However, the mechanistic application of the Lyles el al. 'rule of thumb' may rule out task and work practice analysis, as it did for the workers represented by Table  Dl . Yet, Lyles et al. tout their method as useful for 'determining a promising intervention strategy for reducing workplace exposures.' Whether or not their method represents the most efficient and effective use of limited resources for distinguishing between grouprelated and task/work practice-related determinants of exposure is a critical issue, but was not addressed by Lyles et al. I suggest that their model include a larger role for professional industrial hygienists when deciding upon 'intervention strategies.' Industrial hygienists today have at their disposal a variety of direct reading survey instruments (often with data logging capability) and passive dosimeters. Such instruments-coupled with past data, experience, and professional judgment-permit IHs to objectively identify work areas, occupations, tasks, and/or point sources likely to contribute most to exposure.
Lyles el al. include a Table D3 in order to dem-onstrate a procedure for handling the occasional negative estimate of between-worker variance. Other approaches are possible. For example, diagnostic methods similar to those of Hocking (1985) can be used to show that the negative variance component for this table is due to a single, unusual measurement (William Miller, NIOSH). The first measurement of worker 19 is considerably greater than the other two measurements for this worker. Use of such diagnostic methods and subsequent investigation of suspect measurements may reveal valid reasons for removal of inconsistent measurements. Removal of this particular measurement results in a positive betweenworker variance component. This and similar measurements should not be eliminated, as it is possible that such measurements represent another exposure group consisting of a subset of the milling maintenance mechanics engaged in a particular high exposure task or activity. Table D3 is problematic for other reasons. There was an unexpected similarity to measurements less than -4.605 (i.e., 0.01 mg/m 3 ). Four were identical at -5.116 (i.e., 0.006 mg/m 3 ) and four more at -4.828 (i.e., 0.008 mg/m 3 ). Is it possible that these, and the other measurements less than -4.605, represent detection limits? If so, then the overall exposure profile and several individual exposure profiles were left censored. What is the effect of censoring on the goodness-of-fit procedure, the model predictions, and, specifically, the occurrence of negative betweenworker variances?
Finally, I recommend two changes to their ANOVA-based strategy. First, Lyles et al. could replace their goodness-of-fit scheme (see 'Establishing Monomorphic Groups' in Rappaport el al. (1995) ) with one similar to that proposed by Filliben (1975 ) (or Royston, 1993 . They could also replace their hypothesis testing procedure with the more familiar upper tolerance limit calculation. Both procedures already reside in our collective IH toolbox and can easily be automated using a computer program, spreadsheet, or programmable calculator, although some adjustment of the degrees-of-freedom or k-factors may be required.
DISCUSSION
In the U.S., employers are ethically and legally required to practice effective risk management. Legal and authoritative exposure limits are but one part of an employer's risk management program. But as noted by Roach et al. (1967) thirty years ago, '[it] is important that hygienic standards should not be given widely different interpretations'. Implementation of the Lyles et al. interpretation may actually increase both worker risk of occupational disease and employer risk of a citation. Adoption of the Lyles et al. method may lead to wasteful exposure monitoring programs 3 , possibly denying attention to other critical exposure groups. It also cannot be ignored that an employer's liability risk in the future could be substantial if long-term average exposures are permitted to approach or equal the TWA OEL. For example, employees that later develop medical conditions could make the case that the employer did not utilize accepted risk management procedures when assessing and controlling exposures, thereby increasing the employees' risk of disease.
The majority of industrial hygienists seek to devise tentative exposure groups that consist of workers that are largely homogeneous with respect to the conditions of work: agent, process, tasks, and controls. They then design performance oriented exposure monitoring programs, drawing from the toolbox of data collection, analysis, and interpretation procedures that have become commonplace over the past twenty or so years. Such procedures can be mixed and matched according to the available resources and the 3 Note that the collection of exposure data for epidemiological purposes may necessitate extensive and elaborate exposure monitoring programs. (For example, see Harris R. L., Appl. Occup. Environ. Hyg. 10, 311-316, 1995) . "To my knowledge, the only explicit long-term exposure limit, for a gas, vapor, or paniculate, is the vinyl chloride annual limit of 3 ppm as adopted by many European nations. However, it has a companion single shift TWA OEL of 7 ppm. particulars of each work environment, yet still be consistent with the risk management goal inherent in the exposure limit. An employer should consult with professional industrial hygienists and review the advantages and disadvantages of alternative methods before adopting the method proposed by Lyles et al. I urge Lyles et al. to support the adoption of new or revised exposure limits for chronic disease agents that are expressed in terms of both long-term average exposures and single shift limits. This will result in legitimate long-term exposure limits 4 to which their interpretation and method can be applied, while at the same time limiting excessive shorter term exposures (Hewett, 1996 (Hewett, , 1997 . In the interim, employers interested in implementing their method should devise provisional long-term exposure limits based upon the guidance of the AIHA (Hawkins et al., 1991) , or Roach and Rappaport (1990) and Adkins et al. (1990) .
Paul Hewett

